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The intracellular transport of therapeutic gene carriers is poorly
understood, limiting the rational design of efficient new vectors.
We used live-cell real-time multiple particle tracking to quantify
the intracellular transport of hundreds of individual nonviral DNA
nanocarriers with 5-nm and 33-ms resolution. Unexpected parallels
between several of nature’s most efficient DNA viruses and non-
viral polyethylenimine/DNA nanocomplexes were revealed to in-
clude motor protein-driven transport through the cytoplasm to-
ward the nucleus on microtubules. Active gene carrier transport led
to efficient perinuclear accumulation within minutes. The results
provide direct evidence to dispute the common belief that the
efficiency of nonviral gene carriers is dramatically reduced because
of the need for their relatively slow random diffusion through the
cell cytoplasm to the nucleus and, instead, focuses the attention of
rational carrier design on overcoming barriers downstream of
perinuclear accumulation.

ene delivery to the cell nucleus has been implicated as the

Achilles’ heel of gene therapy (1). Synthetic, nonviral DNA
delivery systems have been used to improve the transfer of
foreign genetic material into cells, both in vitro (2) and in vivo (3).
However, without evolution working to carefully hone and
optimize the delivery process, manmade delivery vectors suffer
from lower efficiencies compared with nature’s DNA viruses.
Despite this drawback, reduced immunogenicity, improved
safety, and the ability to carry larger DNA loads make nonviral
carriers attractive for gene therapy (4, 5). For scientists and
engineers to “evolve” synthetic vectors into more efficient gene
delivery vehicles, the key steps in the transfection process where
viral systems show superior efficiency must first be identified.

Investigation of the intracellular trafficking of DNA carriers
promises to improve the efficiency of nonviral delivery vectors
by determining the rate-limiting steps of gene transfection,
thereby allowing for the development of strategies to overcome
these barriers (6—8). Currently, the transport of nonviral DNA
carriers through the cytoplasm is poorly characterized, but is
thought to be inefficient and potentially rate limiting because of
their need to “randomly migrate” to the nucleus (9). Confocal
microscopy has been used to study intracellular trafficking of
nonviral systems (6, 10, 11), allowing the locations of complexes
at discrete times to be determined, yielding an insightful but
qualitative description of the transport process. Fluorescence
recovery after photobleaching has recently been used to quantify
overall “effective diffusion” rates of DNA molecules in the
cytoplasm (12). With this ensemble-averaged technique, how-
ever, information associated with individual DNA carriers [the
rates of individual particle movements, the mode of transport
(e.g., random versus directed or active), and the trajectory and
directionality of the transport] remains a black box.

To achieve single-particle resolution at the nanometer and
33-ms level (13, 14), we used multiple particle tracking (MPT)
(13) to investigate the individual motions of hundreds of nano-
meter-sized nonviral DNA delivery vehicles, specifically, poly-
ethylenimine (PEI)/DNA nanocomplexes. PEI is among the
most efficient synthetic vectors for DNA delivery, a quality often
attributed to its cationic nature (2), ability to protect DNA from
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degradation within the cell (15), and ability to escape endosomes
once the complexes are internalized (2, 16, 17). The results
provide direct evidence to dispute the common belief that the
efficiency of nonviral gene carriers is dramatically reduced
because of the need for their relatively slow random diffusion
through the cell cytoplasm to the nucleus (4, 9). In contrast, we
show quantitatively that PEI/DNA nanocomplexes are effi-
ciently transported to the perinuclear region of the cell on
microtubules, leading to their rapid accumulation in that region.
We also provide evidence that microtubule-based motor pro-
teins are responsible for the transport of the nanocomplexes.
Several of nature’s most efficient DNA viruses exploit the same
mechanisms (i.e., motor protein-ushered transport along micro-
tubules to the perinuclear region), perhaps explaining why PEI
is among the most efficient nonviral gene transfer agents known.
Finally, because our studies can quantify each aspect of the
intracellular transport of any fluorescently labeled moiety, in-
cluding our nanocomplexes and viral particles, in real time and
with high spatial and temporal resolution, they can be used to
pinpoint the rate-limiting step(s) in gene delivery for any pro-
posed carrier. The power of this quantitative approach should
allow rational improvements in vector design that may ultimately
result in synthetic DNA carriers with improved efficiencies.

Methods

PEI/DNA Nanocomplexes. PEI (25k branched, Sigma) fluores-
cently labeled with Oregon green 514 (Molecular Probes) was
self-assembled with salmon DNA (Sigma) to form complexes
with a nitrogen-to-phosphate ratio of 6 and an average radius of
gyration of 156 £ 9 nm, as determined by time-resolved mul-
tiangle laser light scattering (TR-MALLS), and added to COS-7
cells. Methods for TR-MALLS can be found elsewhere (18). PEI
and DNA solutions were in 150 mM NaCl. Complexes formed
with labeled PEI and pLacZ (7.8 kb) were verified to transfect
COS-7 cells (data not shown).

Cells. COS-7 cells were plated onto glass-bottom tissue culture
plates (MatTek, Ashland, MA). To minimize differences caused
by cell cycle stage, cells were arrested in the Go/G; stage by
serum deprivation (DMEM/F12 plus 10% BCS media was
replaced with serum-free media). This process resulted in 80—
85% of cells being in Go/Gj in 48 h, as determined by propidium
iodide staining and fluorescence-activated cell sorter analysis
(data not shown). One hour posttransfection, PEI/DNA nano-
complexes not internalized were washed away with Hank’s
balanced salt solution and fresh media were added.

Fluorescence Microscopy and Real-Time Particle Tracking. Cells were
observed under an epifluorescence microscope (Nikon) at 37°C
in the presence of 5% CO,. At various times posttransfection,
20-s time-lapse movies were recorded with a silicon intensifier
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target camera (Dage—MTI, Michigan City, IN) at 30 frames per
s. A charge-coupled device camera (Hamamatsu, Ichinocho,
Japan) captured phase-contrast images. The movies were ana-
lyzed with METAMORPH software (Universal Imaging, Media,
PA). Detailed methods for MPT can be found elsewhere (13,
19). Nanometer resolution was obtained on the displacements of
multiple particles simultaneously by using METAMORPH to track
the light-intensity-weighted centroid of diffraction-limited im-
ages, thereby achieving resolution much higher than a pixel, as
reported (13, 14). Over the course of the experiment, the
mean-square displacement (MSD) of 449 individual nanocom-
plexes within 65 cells was calculated.

Transport Mode Categorization. We calculated the effective diffu-
sivity, Deg = MSD/(41), of each gene carrier for time scales 33
ms to 10 s. If D¢gr was constant, the carrier was categorized as
diffusive. If D¢ decreased with time scale, the carrier was
classified as subdiffusive. If Dqs was constant or decreased for
short time scales (<1 s) and then increased at longer time scales,
the gene carrier was categorized as active. The equation MSD =
4Dt + v*? reflects the dominance of the active transport
component at longer time scales because it scales to 2.

Directionality of Complexes. A radius was drawn from the center
of the nucleus to the position of the nanocomplex at the start and
then at the end of the 20-s movie. A movement resulting in a
decrease of 0.5 wm in radius was considered to be toward the
nucleus, an increase of 0.5 um was away from the nucleus, and
any movement below the threshold in either direction was
considered neutral. Because the 0.5-um cutoff was arbitrary, we
tested the sensitivity of our analysis with respect to choice of
length scale. We found that the 0.5-um cutoff was a good
indicator of general trends found by using other arbitrary length
scales up to 2 pm.

Results and Discussion

The transport of nonviral gene carriers within cells was quanti-
fied and transport rates were found to be highly heterogeneous
(Fig. 14). Using MPT, the transport of individual PEI/DNA
nanocomplexes was found to fall within one of three distinct
subclasses (Fig. 1B): diffusive transport, subdiffusive transport,
and active transport [surprisingly, a large number (up to 17%)].

Diffusive complexes [transport described by the equation
(Ar*(t)y = 4Dt] were undergoing random, thermally driven
motion in a viscous cellular medium. Here, (Ar%(¢)) is the MSD
of the complex, D is its diffusion coefficient, and ¢ is the time
scale over which the transport is monitored. The transport rates
of complexes exhibiting active transport are described by
(Ar*(r)) = 4Dt + v’* (20) where the added term characterizes
particle transport caused by directed motion, with v as the mean
nanocomplex velocity. PEI/DNA nanocomplexes undergoing
subdiffusive transport [described by (Ar?(r)) ~ Ki®, where K and
a are constants, and o < 1], may be either physically attached to
an intracellular structure or contained within a viscoelastic
environment, such as an endosome or a molecularly crowded
region of the cytoplasm (21). With other techniques, it is not only
impossible to determine the velocity of a single actively trans-
ported DNA carrier, but it is also impossible to even identify the
presence of an actively transported carrier.

Complexes undergoing active transport moved several orders
of magnitude faster (as measured by MSD) than complexes
undergoing random thermal motion (Fig. 1B). For example,
many actively transported complexes moved with velocities that
would allow them to travel 10 um in a given direction in <1 min.
A PEI/DNA nanocomplex exhibiting a diffusivity of D = 0.0008
wm?/s, the average D found from our studies, would require 8.7 h
to travel 10 um if random thermal motion was the only driving
force. Most previous studies describe nonvirally delivered intra-
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Fig. 1. Intracellular transport rates (as measured by MSD) of individual
PEI/DNA nanocomplexes at 4 h posttransfection. (A) A distribution of MSD is
noticeable even in this subset (20 of 60 shown) of the 4-h MSD, thus indicating
the nature of the intracellular movements of complexes is highly heteroge-
neous. (Inset) For comparison, an example of model DNA carriers (0.2-um
amine-modified polystyrene spheres) moving homogeneously in viscous me-
dium (glycerol) is shown. (B) Example of MSD illustrates the three distinct
transport modes. An MSD slope of 1 indicates diffusive movement (0J), <1
indicates subdiffusive movement (®), and >1 indicates active transport ().

cellular DNA transport as purely thermal-motion driven diffu-
sion (9, 12, 17), which underestimates the efficiency of particle
transport.

The motion of actively transported PEI/DNA nanocomplexes
was almost always along a path that intersected the cell nucleus,
the target organelle in gene delivery (Fig. 2; Movie 1, which is
published as supporting information on the PNAS web site,
www.pnas.org). Microtubules within cells meet at the microtu-
bule-organizing center located adjacent to the cell nucleus,
consistent with the direction of active particle transport found in
our study. MPT determined that the average velocity of actively
transported complexes was 0.2 wm/s, which is on the same order
of magnitude as movement along microtubules involving motor
proteins such as dyneins and kinesins (22). Often, actively
transported PEI/DNA complexes displayed saltatory motion
(Movie 1), another hallmark of motor protein-driven transport
(23). Taken together, these results strongly suggest the involve-
ment of microtubule-associated motor proteins in the active
transport of PEI/DNA nanocomplexes. Actively transported
complexes may be in endosomes undergoing motor protein-
driven movement guided by microtubules, or they may be
physically associated with the motor proteins themselves. PEI/
DNA nanocomplexes may, therefore, use the same efficient
mechanism for transport to the cell nucleus as several viruses,
such as adenoviruses and adeno-associated viruses (24-27).

To confirm the involvement of microtubules in the active,
perinuclear transport of PEI/DNA nanocomplexes, cells were
treated with 10 uM nocodazole, a microtubule depolymerizing
agent, for 1 h pretransfection. When examined at 2 h posttrans-
fection, complexes in cells without microtubules displayed no
directed motion (Fig. 3; Movie 2, which is published as support-
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Fig. 2.

BELOW CELL

Transport and locations of intracellular PEI/DNA nanocomplexes. (A) Twenty-second trajectories of PEI/DNA complexes in a COS-7 cell 4 h

posttransfection. Phase-contrast image of the cell was overlaid with the trajectories of complexes. Three of six complexes shown displayed active transport with
linear or curvilinear trajectories. Their detailed trajectories are shown in B. (C) COS-7 cell with PEI/DNA complexes accumulated in the perinuclear region. (Inset)
Cross section of the COS-7 cell to demonstrate that PEI/DNA complexes were inside the cell. Phase-contrastimage of the cell was overlaid with a fluorescentimage
of PEI/DNA complexes taken with the charge-coupled device camera. Some complexes appear to be intranuclear but may be within cytoplasmic invaginations

that extend into the nucleus. N, nucleus. (Bars: A and C, 10 um; B, 2 um.)

ing information on the PNAS web site). Additionally, the
average MSD of complexes in cells without microtubules was
greatly diminished (by >1 order of magnitude over a range of
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Fig. 3. Effect of microtubule depolymerization with nocodazole on the trans-
port of PEI/DNA nanocomplexes at 2 h posttransfection. (A) The average MSD of
complexes in nocodazole-treated cells (dashed line) indicates that complexes
moving in cells without microtubules exhibit largely subdiffusive behavior (slope
of MSD is <1) compared with complexes in cells with intact microtubules (solid
line). The MSD slope of complexes in cells with intact microtubules is >1, indicat-
ing the presence of actively transported DNA carriers. (B) Nocodazole treatment
abolished active motion (hatched bar) of PEI/DNA complexes. Additionally,
diffusive behavior (solid bars) decreased and subdiffusive behavior (criss-cross
bars) increased upon microtubule depolymerization. n = 49 for no nocodazole
treatment case; n = 61 for treatment case.
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time scales) compared with the cells with intact microtubules
(Fig. 34). This fourth piece of evidence further suggests that
PEI/DNA nanocomplexes are ushered in a directed fashion
along microtubules in a manner strikingly similar to the cyto-
plasmic transport of viral DNA delivery systems.

Microtubules have inherent structural polarity and motor
proteins use this property to preferentially move to one end of
the filament (28). Adenoviruses are known to associate with
dynein (24), the motor protein that mediates movement toward
the end of the microtubule that is held at the microtubule-
organizing center located next to the nucleus. To determine
whether PEI/DNA nanocomplexes also exploit this property,
each actively transported complex was scored as to whether it
moved toward, away, or neutrally relative to the nucleus center.
Of the actively transported complexes tracked from 0.5 to 22.5 h
posttransfection (n = 49), 45% moved away, 18% moved neu-
trally, and 37% moved toward the nucleus. Adenoviruses have
been shown to preferentially move toward the microtubule-
organizing center 20—40 min postinternalization (29). To our
knowledge, the direction of transport of other viruses along
microtubules relative to the cell nucleus has not yet been
quantified, but will be a useful yardstick by which to measure the
efficiency of nonviral gene carrier transport to the perinuclear
region. Regardless, our result that slightly less than half of
actively transported PEI/DNA nanocomplexes were carried
preferentially toward the nucleus after the first 30 min of
transfection suggests there exists room for improvement in the
efficiency of these carriers for gene therapy applications.

Despite the lack of preferential movement toward the nucleus
by actively transported particles after the first 30 min of trans-
fection, PEI/DNA nanocomplexes were observed to rapidly
accumulate in the perinuclear region (Fig. 2C). To study the
intracellular spatial variation of DNA carrier transport, the
cytoplasm of each cell was divided into four quadrants (Q1-Q4,
Fig. 44). Surprisingly, an average of 41% of total PEI/DNA
nanocomplexes was found in the perinuclear quadrant Q1 within
30 min of posttransfection. The other three quadrants each
contained 20% of the complexes. The percentage of complexes
in Q1 was statistically significant (P < 0.005) compared with the
other quadrants. Accumulation in the perinuclear region within
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Intracellular transport of PEI/DNA complexes depends on spatial location and time posttransfection. (A) To determine cytoplasmic locations of

complexes, a radius was drawn connecting the nucleus center, the complex, and the plasma membrane. With the nuclear envelope and plasma membrane as
boundaries, the radius was divided into four equal segments to yield the borders of four quadrants (Q1-Q4). N indicates nucleus. (/nset) The cell without
quadrants and with complexes in blue. (Bar: 10 um.) (B) Locations of complexes at 2 h posttransfection in cells with intact microtubules (black columns) and in
nocodazole-treated cells (hatched columns). Note the lack of perinuclear accumulation in cells without intact microtubules. (C) Transport modes of all
intracellular complexes over 22.5 h posttransfection were divided into diffusive (O), subdiffusive (®), and active transport (A). Actively transported complexes
had velocities of 0.1 = v = 0.49 um/s. Diffusive complexes had diffusivities between 0.0001 and 0.0065 um?/s, with an average of 0.0008 um?/s. Subdiffusive
complexes displayed a characteristic exponent, «, ranging from 0.2 to 0.9. The percentage of diffusive complexes increased over time, whereas the proportion
of subdiffusive complexes decreased. The 4-h mark stands out as the first time the percentage of diffusive complexes exceeded that of subdiffusive. Complexes
divided into the three transport modes were further assigned to the four quadrants (/nset). frm represents the fraction of complexes of a specific transport mode.
When averaged over all times posttransfection, Q1 held the largest fraction of diffusive (frm = 0.41) and subdiffusive (frm = 0.45) complexes, and Q3 contained
the most actively transported complexes (frm = 0.45). These values were statistically significant (P < 0.005) compared with other quadrants within each transport

mode. (D) Transport modes of complexes in the perinuclear region (Q1) were categorized as in C.

30 min is another unexpected parallel between gene delivery
with adenoviruses or adeno-associated viruses (24, 25) and
PEI/DNA complexes. Perinuclear accumulation of PEI gene
carriers has been reported to require at least 1 h (6, 10). Potential
explanations for the discrepancy include differences in cell type
(COS-7 in our studies versus 1929 or EA.hy926), cell cycle stage
(our cells were nondividing), and gene carrier preparation
parameters (e.g., the nitrogen-to-phosphate ratio is 6 in our
studies versus a nitrogen-to-phosphate ratio of 10 or 7.5).
Differences in carrier preparation can lead to changes in com-
plex size, surface charge, and/or density. Interestingly, no such
accumulation of PEI/DNA nanocomplexes was observed within
cells treated with nocodazole (i.e., cells without microtubules,
Fig. 4B, Movie 2), evidence that microtubule-assisted active
transport is responsible for the perinuclear accumulation of
PEI/DNA complexes. Note that we observed significant perinu-
clear accumulation within 30 min, but did not observe prefer-
ential movement of actively transported carriers toward the
nucleus after the first 30 min of transfection. Q1 contained
~40% of internal PEI/DNA complexes at all time points after
30 min. One implication is that preferential active transport to
the nuclear region occurs within the first 30 min posttransfection.
This period of preferential active transport to the nucleus is
similar to that seen with adenoviruses (29).

An important implication of these results is that reaching the
nucleus is not a rate-limiting step for PEI/DNA complex-
mediated gene transfection in COS-7 cells. The search for the
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rate-limiting step in gene delivery and transfection with PEI/
DNA complexes (at least in COS-7 cells) must consider possi-
bilities other than inefficient transport to the perinuclear region,
such as endosomal escape (30-32), nuclear import (8), and
vector unpacking (5).

Adenoviruses are known to escape endosomes and subse-
quently travel along microtubules to the nucleus in a directed
fashion (24). Adeno-associated viruses, on the other hand, are
thought to reach the perinuclear region within endosomes (that
are actively transported on microtubules) and then break free of
the vesicles before entering the nucleus (25-27). Like adeno-
associated viruses, PEI/DNA complexes likely accumulate in the
perinuclear region within endosomes (10). Complexes inside
quasi-stationary endosomes, located in the perinuclear region,
may exhibit subdiffusive behavior caused by the confining cage-
like nature of endosomal compartments. Therefore, as PEI/
DNA nanocomplexes escape their endosomal cage into the
cytosol, the percentage of complexes exhibiting subdiffusive
behavior was expected to decrease. As expected, the proportion
of subdiffusive complexes in the perinuclear region (region Q1)
decreased from 73% at 0.5 h to 50% at 4 h, during which time
the percentage of diffusive complexes increased from 18% to
50% (Fig. 4D). These trends were somewhat reiterated in Q2, but
not in Q3 or Q4 (data not shown). Thus, a clear transition from
subdiffusive to diffusive behavior of PEI/DNA nanocomplexes
occurred in areas closest to the nucleus between 1 and 4 h
posttransfection. This transition may be caused by PEI/DNA
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escape from their endosomal carriers. An alternative explana-
tion could be that endosomes themselves dissociate from mi-
crotubules in the perinuclear region and begin to diffuse ran-
domly. A previous study also highlighted this approximate time
frame as a temporal landmark in the transfection process,
showing PEI/DNA complexes enter the cell nucleus by 4.5 h
posttransfection (6). Complexes were not found to enter the
nucleus in our studies, which may be because of differences in
cell type, cell cycle stage, and PEI/DNA nanocomplex param-
eters. Differences in cell cycle stage between our study (nondi-
viding cells) and that by Godbey et al. (ref. 6, mitotic cells) may
be the most likely reason for this difference. Channels created by
nuclear pore complexes can be expanded to a maximum size of
~30 nm (33); therefore, the vast majority of PEI gene carriers
are too large to pass into the nucleus of nondividing cells. In
mitotic cells, however, the nuclear membrane breaks down
temporarily, potentially allowing gene carriers access to the
nuclear space.

Cationic particles, such as PEI/DNA nanocomplexes, that
escaped endosomes are not expected to remain diffusive indef-
initely because of electrostatic or other attractions to quasi-
stationary intracellular components, potentially including the
nucleus. Therefore, a transition from diffusive back to subdif-
fusive transport is expected over longer times in the perinuclear
region. Indeed, PEI/DNA nanocomplexes show such a shift at
times >4 h (Fig. 4C).

Uptake by endocytosis, motor protein-driven directed motion
through the cytoplasm on microtubules, escape from endosomes,
and rapid perinuclear accumulation are steps in the transfection
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process shared by efficient viral DNA carriers and nonviral
PEI/DNA complexes. These common traits focus our attention
on efficiency of endosomal escape, nuclear entry, and vector
unpacking as possible rate-limiting steps in PEI-mediated gene
transfection of COS-7 cells.

The analysis presented here complements existing techniques
to study intracellular transport, including fluorescence recovery
after photobleaching (12) and confocal microscopy (6). Our
results offer quantitative insights into the intracellular transport
mechanisms of PEI/DNA complexes. With MPT, we showed
that gene carrier transport within cells was highly dynamic,
displaying remarkable temporal and spatial variations. The
ability to accurately measure such variations may, in the future,
be useful in the temporal and spatial pinpointing of intracellular
phenomena with high relevance to intracellular drug delivery
and gene therapy. Current investigations using MPT focus on a
quantitative comparison of the transfection processes, in real
time, of viral and nonviral DNA carriers in various cell types. The
goal of these studies is to elucidate the critical barriers to gene
delivery and further shape the paradigm of successful nonviral
DNA vector design.
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